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1 Introduction by Kim et al.[19,20 is used, in which the adjoint load is obtained

. . . . . . . _from boundary element re-analysis, and the adjoint variable is
The design of a vehicle with high ride quality draws attentionl - |ated fror)T/] structural dynanilic n’eanalysis !

O_f engineers increasingly d_ue to the customer’s preference. Es_pe,:or NVH design optimization, design parameterization, design
cially, the structural-acoustic performance of a passenger vehiglnsitivity analysis, and design optimization algorithms need to be
becomes an important issue in the design process. The purposg@fgrated. The Design Sensitivity Analysis and Optimization
this paper is to show feasibility of design optimization to mini{DSO) Tool [21] developed at the Center for Computer-Aided
mize the vehicle’s weight subjected to the structural-acoustic cobesign at the University of lowa is used as an integrating envi-
straints. Many numerical methods have been developed to sintaament in this paper. The graphic user interface in DSO allows
late the structural-acoustic performance of a passenger vehi¢he design engineers to carry out design parameterization,
The finite element methofd], the boundary element methé2], structural-acoustic analysis, design sensitivity analysis, and design

the statistical energy analysi8,4], and the energy flow analysis OPtimization. ) ) _
[5—7] are a short list of methods that can be used for the purposeThe proposed sequential structural-acoustic analysis and DSA

Different methods must be used based on the design interest. B Tpg the adjoint variable method are applied to the optimization
0

example, the finite element analy$EEA) and boundary element a next generation concept vehicle model, by which the vehicle
pie, Y o y weight is minimized while the sound pressure level is constrained.
analysis(BEA) can be used for simulation in the low-frequenc

' o~ 4 YA design optimization problem is formulated and solved, where
range, while the statistical energy analysis and energy flow anafe structural weight is reduced while the noise level in the pas-
sis can be used for the high-frequency range. In this paper, %ghger compartment is lowered.
former methods are employed to simulate the vehicle’s structural-
acoustic performance in the 1-100 Hz frequency range. A com-
mercial finite element code MSC/NASTRA8] is used to simu-
late the frequency response of the vehicle structure, while a
boundary element code COME'I"/ACOUS'_I’I@E isusedtocal- 2 gtryctural-Acoustic Analysis
culate the sound pressure level in the cabin compartment based on
the velocity information obtained from the finite element code. 2.1 Frequency Response Analysis.The steady-state re-
That is, the simulation procedure is sequential and uncouplgBonse of a structure under the harmonic @ with frequency
based on the assumption that the vibration of the air does rfe€can be written as
contribute to the structural vibration.

Ma_1r_1y_ research_ resul{s0-18 have been pl_Jinshed in des?gn — w2pz(X) +]wCz(x) +Lz(x)=f(x), xeQS 1)
sensitivity analysigDSA) of structural-acoustic problems using
FEA and BEA. While the direct differentiation method in DSA
follows the same solution process as the response analysis, Where () is the structural domairg(x) is the complex displace-
adjoint variable method follows a reverse process. One of theentL is the linear partial differential operatgs(x) is the mass
challenges of the adjoint variable method in sequential acous#@nsity, andC is the viscous damping effect. _
analysis is how to formulate this reverse process. The sequential Of the variational formulation, since the complex variatle
adjoint variable method with a reverse solution process develop'%d‘sed. for the state variable, the complex conjugates used for

the variation of the state variable. By multiplying E@) with z

Contributed by the Design Automation Committee for publication in ther and integrating it over the structural domm’ the variational
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1 s S S for X, outside the acoustic volume. Note that ELl) can provide
L0z +j0CZz]ZdO>+ 0(2) &(z")dQ a solution for both radiation and interior acoustic problems. Un-
@ @ like the energy forms in Eqg3)—(6), these integral forms are
bT =% 1S T . independent of the structural sizing design variable; thus no sub-
= S0 7dQt | f22hdl, VzeZ (2)  scriptionu is used in their definitions.

e r The BEA is done in two steps: first evaluating the pressure on
wherez* is the complex conjugate of the kinematically admissibléhe acoustic boundary using the structural velocity, and then cal-
virtual displacement, andZ is the complex space of kinemati- culating the pressure within the acoustic domain using the bound-
cally admissible virtual displacements. Equati@ provides the ary pressure information. Suppose the acoustic bourSasyap-
variational equation of the dynamic frequency response under gioximated byN number of nodes. If observation poim is
oscillating excitation with frequency. For simplification of no- located at every boundary node, then the following linear system

tation, the following terms are defined: of equations is obtained from EL1):
— — A =[B 12
du(zvz):j J’ pZT i dQS (3) [ ]{pS} [ ]{V} ( )
o® where{ps}={p1,p2, ... .pn}" is the nodal pressure vectdv is
. . the 3NX 1 velocity vector,[A] is the NXN coefficient matrix,
Cu(Z,Z)=f f cz' Z*dQs (4) and[B]is theNx3N coefficient matrix. Note that these vectors
Qs

and matrices are all complex variables. The process of computing
the boundary pressurps} assumes domain discretization, and
au(z,?)zf f o(2)Te(Z5)dOS (5) the condition in Eq(11) is imposed in every node. However, for
oS the purpose of DSA, let us consider a continuous counterpart to
Eq. (12), defined as

N _ bT % S sT %
t,(2)= f Lsf Z*dQS+ frsf z*dr (6) A(ps)=B(v) (13)

whered,(+,*) is the sesqui-linear kinetic energy form,(-,*) is where the integral formA(-) andB(-) correspond to the matrices
the sesqui-linear damping form(+,-) is the sesqui-linear strain [A] and[B] in Eqg. (12), respectively. The boundary pressure can
energy form, and’,(+) is the semi-linear load form. The defini- then be calculated fromg=A"1B(v). Once{ps} has been com-
tions of the sesqui-linear and semi-linear forms can be found juted, Eq.(11) can be used to compute the acoustic pressure at
Horvath[23]. any pointx, within the acoustic domain in the form of a vector
Since the structure-induced pressure within the acoustic domaiguation as
is related to the velocity of the structural response, it is convenient _ T T
to transfer the displacement to the velocity using the following P(X0)={b(Xo)} {v}+{&(X0)} {Ps} (14)
relation: where{b(xy)} and{e(xg)} are the column vectors that correspond
. to the left-hand side of the boundary integral Effl).
vx)=joz(x) @) In the sizing design problem, in which panel thickness is a
By using Egs.(2)—(7), the variational equation of the frequencydesign variable, integral form(x,;-) ande(Xq;+) in Eq.(11) are
response problem can be obtained as independent of the design variable. Only implicit dependence on
1 the design exists through the state variablesdpg, which will
; = N N_p (5 > be developed in the following section. However, in the shape de-
jody(v.2)+ey(v,2)+ jo A(v.2)=Cu(2), VzeZ  (8) sign problem, the acoustic domain changes according to the struc-

The structural damping, a variant of the viscous damping, } .. R )
caused either by internal material friction or by connection rmsb(xo;-) ande(xo;-) will depend on the design.

among structural components. It has been experimentally ob- . o .

served that for each cycle of vibration, the dissipated energy of tRe D€Sign Sensitivity Analysis

material is proportional to the displacemép4]. When the damp-  The purpose of DSA is to compute the dependency of perfor-
ing coefficient is small as in the case of structures, damping risance measures on the design. In this study, only sizing design,
primarily effective at those frequencies close to the resonansgich as the thickness of a plate and the cross-sectional dimension
The variational equation with the structural damping effect is of a beam, is considered.

Sgral domain change, which is a design variable. Thus, integral

jody(v,2)+kay(v,2)=€,(2), VYzeZ 9) 3.1 Direct Differentiation Method. The direct differentia-
where k=(1+]¢)/jw and & is the structural damping coeffi- tion method computes the variation of state variables by differen-

cient. After the structure is discretized using finite elements, aﬁ?tlng the state Eqs9) and(11) with respect to the design. Let us

. ; o . ; st consider the structural part, i.e., the frequency response
(I;lfnﬁqrgta:it)l(cek:q%l;r:%?]rs)/ igogt()jtgli%r;s&.are applied, the following SySIeanalysis in Eq.(9). The forms that appear in E¢9) explicitly
’ depend on the design, and their variations are defined as
[[oM+kK}{v(w)}={f(w)} (10)

_d
where[M] is the mass matrix anK ] is the stiffness matrix. dsu(v,2)

[du+‘r§u(vr?)] (15)

=0
2.2 Acoustic Boundary Element Analysis. Together with

the structural velocity results, BEA is used to evaluate pressure

response in the acoustic domain. In simplified notation, the

boundary integral equation of the acoustic problem can be written

as

a5, (v.2) (16)

7=0

dr
d —
E_[aqunSu(VrZ)]
d
dr

€5u(2) [€us75u(D)] 17

b(Xq;V) +€e(Xo;Ps) = ap(Xo) (11)
whereb(x,;+) and e(x,;-) are linear integral forms that corre-Wherev denotes the state variablewith the dependence on
spond to contributions from the surface velocity and surface prd¥ing suppressed, amdand its complex conjugate are indepen-
sure respectively. The constaatis equal to 1 forx, inside the dent of the design. The detailed expressions di(:,-),
acoustic volume, 0.5 fox, on a smooth boundary surface, and @j,(+,-), and{j,(-) can be found in Kim et al[19].

=0
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Thus, by taking a variation of both sides of E8) with respect to s to expresp’ in terms ofv’ such that an adjoint problem can be
the design, and by moving explicitly dependent terms on the dgefined. By substituting the relation in EG.9) into the sensitivity
sign to the right side, the following sensitivity equation can bexpression of Eq(23), and by using the relation in E¢13), we
obtained: obtain

jody(V',2)+ ka (V' ,2)=€5,(2) — j wd,(v,2) — ka,(v,2), ¢’ =h8u+h p’=hTsu+h [b(xo;v')+e(Xg;A”B(v'))]
— 24
Vzez (18) ' ' _ o _ ( _)
Presuming that the velocity is given as a solution to Eq9), In Eq. (24), a=1 is used sincey is the interior point. Thusy/’ is

. - . . A Xpr in term .Th n rm on the right si f th
Eq. (18) is a variational equation, with the same sesqw-llnee pressed in terms of . The second term on the right side of the

. A . ®8lhove_equation can be used to define the adjoint load by substi-
forms for displacement variation'. Note that the stiffness matri- €4 ) y

ces corresponding to Eq&®) and(18) are the same, and that the};‘tl)nb%;‘infg{j:v - Hence, the following form of the adjoint problem

right side of Eq.(18) can be considered a fictitious load term. If a

design perturbatiod u is defined, and if the right side of E(L8) jod (;)\)Jr ca (I)\)= h [b(XO.I)Jre(XO.AfloB(;))]

is evaluated with the solution of Eq9), then Eq.(18) can be e R P ' ' '
numerically solved to obtain’ using FEA. By interpreting the VAeZ (25)
right side of Eq(18) as another load form, E¢18) can be solved

by using the same solution process as the frequency respowdere an adjoint solution* is desired. After calculating*, the

problem in Eq.(9). sensitivity of ¢ can be obtained using E(L8), as
Next the acoustic aspect will be considered, which is repre- . , o, .
sented by the boundary integral H4.J). A direct differentiation P'=h you+ €5, (M) —jwdg,(V,N) = kag,(V,\) (26)

of Eq. (11) yields the following sensitivity equation: It is interesting to note that evengfis a function of pressun, its

b(Xo;V')+e(Xg;ps)=ap’(Xo) (19) sensitivity expression in Eq26) does not require the value pf

. . ) only the structural solution and the adjoint solutiod* are re-
Since integral form®(xg;+) ande(xy;+) are independent of the quired in the calculation of/’.

design, the above equation has exactly the same form adBq. " consider a discrete form of the adjoint load. Equati2 can
Thus, using the solution’ from the structural sensitivity Eq18),  pe written in the discrete system as
Eq. (19 can be solved by following the same solution process as

BEA, to obtain the pressure sensitivity result. Thus, like @), [joM+«kKJ{N*}=h [{b}+[B]"[A] T{e}] (27)
the following matrix equation has to be solved in the discrete ) ) . ) )
system: where the right side corresponds to the adjoint load in the discrete
system. Ifh=p(x,), the pressure at a point, thenh , in Eq.
[Al{pst=[BNV'} (20)  (27) will represent Dirac-Delta measure, which corresponds to a

point load. Instead of computing the inverse matrix, let us define

And then, like Eq(14), the pressure sensitivity at poixg can be an acoustic adjoint problem in BEA as

obtained from

P’ (¥0) ={b(x0)}"{v'} +{e(x0)}T{pg} (21) [AT{(m} =1} (28)

This sensitivity calculation process is the same as the BEA solyhere the acoustic adjoint soluti¢®} is desired. Even though the
tion process described from E@.2) to Eq. (14). coefficient matrix[A] is not symmetric, the adjoint E428) can
Consider a performance measure that is defined at pgint Still use the factorized matrix of the BEA E(L2). By substituting
within the acoustic domain as {#} into Eqg. (27), we obtain the structural adjoint problem as
#(X0) =h(p(Xo),u) (22) [j oM+ kKJ{N*}=h [{b}+[B]{n}] (29)

where the functiorh(p,u) is assumed to be continuously differ-Note that the acoustic adjoint soluti¢n}, which is obtained from

entiable with respect to its arguments. The variation of the perfqsgA  is required to compute the structural adjoint load, and then

mance measure with respect to the design variable becomes frequency response re-analysis provides the structural adjoint so-
lution {A*}. Thus, two different adjoint problems are defined: the

W = i[h(p(x;u+ 78U),u+ 7U)] =h pp’+hTu§u first is similar to BEA, and is used to compute the adjoint load,
dr —0 ' while the second is similar to the structural frequency-response
(23) FEA.

whereh ,=oh/dp andh ,=¢h/u can be obtained from the defi- 33 Numerical Method. The variational equation of the
nition of the functionh. Thus, from the solution to the acousticharmonic motion of a continuum model, E@), can be reduced
design sensitivity Eq(19), the sensitivity ofys can readily be tg 3 set of linear algebraic equations by discretizing the model into
calculated. However, the calculation pf also requires the solu- elements using FEA. It is assumed that the structural finite ele-
tion to the structural sensitivity Eq18). ment and the acoustic boundary element meshes match at their

3.2 Adjoint Variable Method. Since the number of design interfaces. Thetagougtlc prhesstx(?o atr)d strucgural c\j/ellocnyok()? f
variables is larger than the number of active constraints in mal r«l':tpgl)rommta_ethus(ljljg St_ap(z ung |(|3ns and nodal variables for
optimization problems, the adjoint variable method is attractiy&ach €lement in the discretized model as

Although the adjoint variable method is known to be limited to a V(X) = Ng(x)Ve
symmetric operator problem, in this section, it is further extended (X)= NS(X) e (30)
to non-symmetric complex operator problems. Since the adjoint PIX)=NalX)P

variable method is direc.tly related to the performance measujghere N¢(X) and N4(x) are matrices of shape functions for the
the structural and acoustic performance measures are treated SGBRcity and pressure, respectively, arfdand p are the element
rately. In case of the acoustic performance measure, a sequeita| variable vectors. Substituting BGO) into Eq. (9) and car-

adjoint variable method is introduced. _ _ rying out integration yields the same matrix equation as(fe),
The acoustic performance measurén Eq. (22) is defined at reyritten here

point X, and its sensitivity expression in E(R3) containsp’,
which has to be explicitly expressed in termssaf. The objective [joM+ kKN{v(w)}={f(w)} (31)
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Structural Modeling Acoustic Adjoint Problem (BEA)
—»  Design Parameterization (A1 (i} = (e}
Structural FEA Structural Adjoint Problem (FEA)
Ve + <K} (W@} = {fl@)) Ve + K}y = (B)+[BY {n}
v v
Acoustic BEA Sensitivity Computation
[} {ps} = [Bl{v} | w2y = (D)
p=1{b} {v} + {e} {ps} LT e Fig. 2 Vehicle structure FE model and acoustic BE model of
e 8~k (v 2) the cabin part
Not optimized tion. Because of this additional source of excitation, vibration and
Undate Desi P Cotimization noise is more significant than with a conventional powertrain. The
| Update Design orogam object of the design optimization is to minimize the vehicle

weight as well as maintaining noise and vibration at the driver’s
ear position to the desirable levels.

From the powertrain analysis and rigid body dynamic analysis,
the harmonic excitations at twelve locations are obtained. Fre-
quency response analysis is carried out on the structural FE model
using MSC/NASTRAN to obtain the velocity response, corre-
sponding to the frequency range up to 100 Hz. COMET/
ACOUSTICSJ[9] is employed to obtain the acoustic pressure per-

rmance measure in the acoustic domain as shown in Fig. 2.

ffte the acoustic performance measure and sensitivity informa-
tion are obtained according to the procedure illustrated in Fig. 1,

e sequential quadratic programming algorithm in D@Esign
I(ptimization Too) [22] is used to search for the optimum design.

Optimized

Fig. 1 Computational procedure of FEA-BEA optimization

After obtaining the structural velocity, BEA is used to evaluate t
pressure response on the boundary, as well as within the acou
domain, as described in Section 2.2.

Figure 1 shows the computational procedure for the adjoi
variable method with a structural FEA and an acoustic BEA cod
Even though FEA and BEA are used to evaluate the acous
performance measure, only the structural resperiseequired to 4.2.1 FEA-BEA NVH Analysis and Adjoint Design Sensitivity
perform DSA. The adjoint load is calculated from the transposekhalysis of the Vehicle.The sequential FEA-BEA analysis is
BEA, and the adjoint equations are then numerically solved usipgrformed on the vehicle model. In this example, the noise level
the FEA code with the same finite element model used for tla the passenger compartment is chosen as the performance mea-
original structural analysis. Numerical solutions are used to corsare, and vehicle panel thicknesses are chosen as design variables.
pute the design sensitivity, and the integration of the design séfhe sound pressure level frequency response up to 100 Hz at the
sitivity expressions in Eq26) can be evaluated using a numericatlriver’'s ear position is obtained and illustrated in Fig. 3 and the
integration method, such as the Gauss quadrature mgthothe numerical results at selected frequencies are shown in Table 1.
integrands are functions of the state variable, the adjoint variable,The highest sound pressure level occurs at 93.6 Hz, which is

and gradients of both variables. the first acoustic resonant mode under 100 Hz. Figure 4 shows the
sound pressure level distribution inside the cabin compartment at
4 Design Optimization this frequency. The sound pressure level at the driver’s ear posi-

For structural-acoustic problem, the sequential FEA-BEHON is 77.78 dB. Design modification is carried out mainly focus-
analysis calculates the performance'meaeumise and vibration ing on reducing the peak noise level in the neighborhood of this
and the adjoint variable method for DSA calculates the sensitivi{gpquency'

of the performance measure. This information is utilized by thvt\elr;r he \t/ﬁihllfrlle structurre ISI d';"?f" |nc§o {oatyvd:{ftet)nent iﬁa&?ls' "
optimization program to search for the optimum design. ose thicknesses are selected as design variables S ex

4.1 Optimization Procedure for a Sequential Structural-
Acoustic Problem. The gradient-based optimization algorithms 5,
are commonly used in engineering design and optimization. Th SPL (dB)
performance measure and its sensitivity are required for th| 70
gradient-based optimization process. Figure 1 shows the comp| go
tational procedure for the optimization of the sequential structural
acoustic problem using a gradient-based optimization algorithn| 50
Once the design variable, cost function, and design constraints g 49
defined, the proposed sequential FEA-BEA and reverse adjoit A / \
variable DSA method are employed to compute the performanc 3 l l \ l
measure and their sensitivity, which will be input to the optimiza-| 20 | ‘w“ y

TN Moy

tion program to search for the optimum design. The process wil
loop until an optimum design is achieved.

4.2 Numerical Example—NVH Optimization of a Com- 0 3 o 20 MO 40 v 50 60 70| 8 90 100
plex Vehicle Structure. One of important applications of the |10 }
proposed method is structure-borne noise reduction of a vehicl|.zg

Figure 2 shows finite element and boundary element models of Frequency (Hz)

next generation hydraulic hybrid vehicJ&9]. In addition to the
powertrain vibration and wheel/terrain interaction, the hydrauligig. 3 Sound pressure level (SPL) frequency response at
pump is a source of vibration, considered as a harmonic excitiiiver's ear position (at initial design )
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Table 1 Sound pressure levels at driver’s ear position at se-
lected frequencies
Pressure Phase Angle

Frequency(Hz) (kg/mm-sed) (degree

7.1 0.7874E—-04 247.53
10.8 0.22698 —02 211.33
11.2 0.3111E-02 129.66
23.7 0.2001E-03 282.12
30.7 0.9568E — 04 271.96
39.0 0.1076E—03 253.43
47.3 0.6431B—-04 66.916
57.4 0.7914E—-04 101.45
59.2 0.36358—03 16.567
67.0 0.14298-03 226.53
81.8 0.4108E—03 264.22
93.6 0.71486—-01 64.267

ample. In order to carry out DSA, the acoustic adjoint problem inFig. 5 Element design sensitivity plot w.r.t. panel thickness
Eq. (28) and the structural adjoint problem in EQ9) are solved
to obtain the adjoint response’. Using the original velocity re- desirable level. The weiglitmass of the vehicle is chosen as the
sponsev and the adjoint respon9€’, the numerical integration of gpjective function and the sound pressure level at the driver’s ear
Eq. (26) is carried out to calculate the sensitivity for each strugyosition is chosen as a design constraint. The sound pressure level
tural panel, as shown in Table 2. The sensitivity contributionsf 65.0 dB, which is 12.78 db less than the maximum sound
from all panels are normalized in order to compare the relatiygessure leve{SPL) at the initial design and equivalent to more
magnitude of the design sensitivity. The results indicate thattﬁan 75% noise reduction, is used as design constraints.
thickness change in the chassis component has the greatest poteatthough, the maximum sound pressure occurs at 93.6 Hz at
tial for achieving reduction in the sound pressure level. Since tiige initial design, the frequency where the maximum pressure
numerical integration process is carried out on each finite elemesécurs may shift during design process. However, it is difficult to
the element sensitivity information can be obtained without amonstrain all continuous frequency ranges. Thus, a fixed set of
additional effort. Figure 5 plots the sensitivity contribution fromyiscrete frequencies is chosen in order to evaluate the sound pres-
each element to the sound pressure level. Such graphic-based sgfe level. Since the most significant acoustic resonance occurs
sitivity information is very helpful for the design engineer to dearound 93.6 Hz, a total of eleven equally distributed frequencies
termine a desirable direction of design modification. in the neighborhood of 93.6 Hz are chosen to evaluate the sound
4.2.2 Optimization of the Vehicle ModelThe design optimi- Préssure level during design optimization.
zation problem is to search a design with minimum weight, while ATONg the forty design variables that are used to calculate the
the noise level at the driver’s ear position can be controlled to%sIgn sensitivity |nf0rmat!on, ten design variables are selecteq to
change during design optimization because some of panel thick-
nesses are difficult to change for design purposes and some of
them are related to the vehicle’s dynamic performance. Ten se-
so30e+01|  lected design variables are panel thicknesses of Chassis, Fender-
o Tassesn|  Left, Fender-Right, Wheelhouse-Left, Wheelhouse-Right, Cabin,
ﬁmzmi Door-Left, Door-Right, Chassis-Conn, and Chassis-MTG, which
B 4008 401 significantly contribute to the sound and vibration level inside the
=5-°3”3“3+"l cabin. The design space is chosen such that each design variable

-MIEI'A} can change up ta=50%. Accordingly, the design optimization

!! mm ekt problem is formulated as
f 2.51222E+01 Minimize Cost Functiorc(u) =mass
= — ity Subject to Design Constraints

gi=p(u,f;)—65.0<0,i=1,...,11
0.5 Uy=u=1.5,
fi=(93.2+ix0.1) Hz

Design Variablesu=[h;,h,, ... hi]"

;
H
]
I
/

N
i
g
=

. . Table 3 Optimum design result
Fig. 4 Sound pressure plot at 93.6 Hz: 77.78 dB at driver’s ear pmu '9 Y

position (at initial design ) Initial Optimum
) o Design Variable Design Design
Table 2 Normalized sound pressure sensitivity w.r.t. panel
thickness X, (Chassis 3.137 1.568500
X, (Fender-Left 0.800 0.400200
Component Sensitivity Component Sensitivity Xs (Fender-Right 0.800 0.400200
X4 (Wheelhouse-Left 0.696 0.348000
Chassis -1.0 Chassis MTG -0.11 x5 (Wheelhouse-Right 0.696 0.368218
Left wheelhouse —-0.82 Chassis connectors  —0.10 Xg (Cabin 2.500 1.250080
Right door 0.73 Right fender —0.07 X7 (Door-Left) 1.240 1.859970
Cabin —0.35 Left door —0.06 Xg (Door-Righj 1.240 0.620000
Right wheelhouse -0.25 Bumper —0.03 Xg (Chassis-Conn 3.611 1.805500
Bed -0.19 Rear glass 0.03 X310 (Chassis-MTG 3.000 1.500000
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Fig. 6 Design variable history Fig. 7 Cost function history

The design optimization procedure illustrated in Fig. 1 is car- However, since the selected design constraints do not cover the
ried out. A seamless integration between FEA, BEA, sensitivigintire frequency range, concern may arise that, while the peak
module, and optimization module is critical in an automated dewise level around 93.6 Hz is reduced, some other undesirable
sign process. MSC/NASTRAN is used for frequency responsgises may occur at other frequencies. In order to check, the
FEA, while COMET/ACOUSTICS is used for the acoustic BEAsound pressure levels at all frequencies below 100 Hz at the op-
The design sensitivity information is calculated from the Desigtimum design are computed and compared with initial design as
Sensitivity Analysis and OptimizatiofDSO) Tool [21]. A sequen- plotted in Fig. 10. The result indicates that the noise level at all
tial quadratic programming algorithm in DOT is used for desigirequency range is maintained under the constraint value. Al-
optimization. The optimization problem is converged after five

design iterations. A total of 15 response analyses and five design

sensitivity analyses have been performed during design optimiza-

tion. Table 3 compares the design variables between the initial a| i
optimum designs. T
Figure 6 illustrates the design variable history during optimizg 6.05045E-+01
tion. It is observed that all the design variables are decreased Pperedity
reach the lower bound except one of them, the left door, whig 2 4.53407E+01
increased to the upper limit. Table 4 and Fig. 7 show the histol :ii vy il
of the cost function. The total mass of the vehicle is reduced fro % bt
1705.834 Kg to 1527.182 Kg, which is 178.652 Kg reducing ii# 2.00676E+01
while the design constraints are satisfied. Figure 8 shows tl b 1501308401
sound pressure distribution inside the cabin before and aft L
optimization.
Figure 9 plots the change of the sound pressure level at t|
driver’s ear position for the frequency range from 93.3 to 94.3 H
during the optimization process. At the optimum design, the pe:
noise level is reduced to 65.0 dB, a total amount of 12.78 d
reduction. Note that the frequency, at which the maximum sour
pressure appears, is shifted from 93.6 Hz to 93.7 Hz. Howeve
this is not due to the shift of the acoustic resonant mode. Tt
acoustic resonant mode still remains unchanged because of 6.80130E+01
. A A 6.37875E+01
same geometry of the acoustic space. This indicates that the c 5.95621E+01
rect acoustic resonant frequency should be in-between 93.6 & .
93.7 Hz. However, the selected design constraints are bro ; 4.68857E+01
enough to cover the frequency range where the maximum noi £ byt
level would occur. !! EE Syt
L] N 2.57584E+01
i LTs0rsEs0l
Table 4 History of cost function and design constraints != =§ 1.30820E+01
Design Constraint Design Constraint i' ii,
Cost Function g, (dB) at gs (dB) at il
History (Mass, ton f=93.6 Hz f=93.7 Hz
Initial Design 1.705834 77.780 76.318
Iteration 1 1.610563 80.473 77.825
Iteration 2 1.751358 71.247 69.662
Iteration 3 1.527082 66.185 67.307
Iteration 4 1.527182 62.586 65.000 (b)
Iteration 5 1.527182 62.586 65.000
(Optimum Fig. 8 Acoustic pressure distribution inside cabin (initial de-
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sign at 93.6 Hz and optimum design at 93.7 Hz )
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